The mechanical stability of platinum nitride has been studied using first-principles calculations. By calculating the single-crystal elastic constants, we show that platinum nitride can be stabilized in the fluorite structure, in which the nitrogen atoms occupy all the tetrahedral interstitial sites of the metal lattice. The stability is attributed to the pseudogap effect from analysis of the electronic structure.
In the present work, we study the mechanical stability of platinum nitride and found that it can be stabilized indeed, although in a crystal structure different from that given in Ref. 11 . By calculating the single-crystal elastic constants, we show that platinum nitride is unstable with the zincblende structure given in Ref. 11 . As shown in Fig. 1͑a͒ , the N atoms occupy half of the tetrahedral interstitial sites of the Pt lattice in the zinc-blende structure ͑PtN͒. Filling the open structure with another four N atoms at the remaining tetrahedral sites gives the fluorite structured nitride ͓PtN 2 , Fig.  1͑b͔͒ , which is shown to be mechanically stable. Good consistency between the calculated properties of PtN 2 and the experimental results 11 is obtained. The electronic structure of PtN 2 is given, which shows that the stability of PtN 2 can be attributed to the pseudogap effect.
The full-potential linearized augmented plane waves ͑LAPW͒ method 12, 13 was employed in this study. This method is one of the most accurate schemes in solving the Kohn-Sham equations in density-functional theory.
14 Augmented plane wave plus local orbitals ͑APW+ lo͒ 15 were used for valence states, and LAPW was used for the other states, with the RKmax of 8.0. A fully relativistic calculation was performed for core states, whereas the valence states were treated in a scalar relativistic scheme. The total and partial densities of states ͑DOS͒ were obtained using a modified tetrahedron method of Blöchl et al. 16 The total Brillouin zones were sampled with 5000 k points. Both the local density approximation ͑LDA͒ 17 and the generalized gradient approximation ͑GGA͒ 18 exchange correlation functional were employed in the present calculations. Since it is known that the LDA usually underestimates the lattice constants and overestimates the elastic constants, whereas the GGA overestimates the lattice constants and underestimates the elastic constants, we used the arithmetic average of the LDA and the GGA values as the theoretical estimates.
In our calculations, the lattice constants ͑a͒ and the bulk moduli ͑B͒ were evaluated from the Birch-Murnaghan fit to the total energies as a function of the unit cell volume. The calculation results for PtN and PtN 2 are listed in Table I . The calculations for elemental Pt were also performed for comparison. For Pt, the calculated average values ͑a = 3.928 Å and B = 279 GPa͒ match very well the experimental ones ͓a = 3.924 Å,
19 B = 276 GPa ͑Ref. 20͔͒. Both PtN and PtN 2 have lattice constants sufficiently close to the experimental value. As expected, filling four more N atoms at the tetrahedral sites does not result in a considerable expansion of the unit cell: the calculated lattice constant of PtN 2 is only 3.7% larger than that of PtN. The experimental bulk modulus 11 is significantly larger than the calculated values for PtN and PtN 2 . The reason will be discussed in this letter.
The mechanical stability of a crystal means that the strain energy must be positive. For a cubic crystal, it implies the following restrictions: 21 c 44 Ͼ 0,c 11 Ͼ ͉c 12 ͉, and c 11 + 2c 12 Ͼ 0, where c 11 , c 12 , and c 44 are the elastic stiffness constants. In the present work, the elastic stiffness constants were obtained by fitting the total energies of the strained crystals to the third-order polynomial of the strains. Since there are three independent elastic constants for a cubic phase, 21 three types of strain, i.e., the volume change, and volumeconserved tetragonal and rhombohedral shear strains, were applied to the optimized structures to calculate the elastic constants.
a͒ Electronic mail: ryu@lbl.gov FIG. 1. Unit cell schematics of ͑a͒ the zinc-blende structure and ͑b͒ the fluorite structure. The large and small spheres denote Pt and N atoms, respectively. The Pt atoms form a face-centered-cubic ͑fcc͒ lattice, which has eight tetrahedral interstitial sites.
The total energy as a function of the tetragonal distortion for PtN and PtN 2 are shown in Figs. 2͑a͒ and 2͑b͒ , respectively. The polynomial fit to Fig. 2͑a͒ gives the shear modulus of cЈ = ͑c 11 − c 12 ͒ /2=−17 GPa for PtN. It means that the zinc-blende PtN is not mechanically stable; the cubic lattice would distort spontaneously to a tetragonal lattice to lower the energy. Figure 2͑b͒ shows that the fluorite structured PtN 2 has positive moduli with the tetragonal distortion and in fact to all the distortions as demonstrated in our calculations; therefore the structure is mechanically stable. The elastic stiffness constants c ij , polycrystalline shear modulus G, Young's modulus E, and Poisson's ratio v were calculated and the results are listed in Table II . The polycrystalline shear modulus of G = 127 GPa, calculated from the singlecrystal elastic constants based on the Voigt-Reuss-Hill averaging scheme, 22 is about two times the value for the elemental Pt ͑61 GPa͒. 20 From the correlation between the hardness and the shear modulus, 23 it is expected that platinum nitride is much harder than Pt. Considering that the density of platinum nitride is only half of that of platinum, the enhancement in hardness is quite remarkable.
We also calculated the x-ray diffraction patterns ͑not shown here͒ of PtN and PtN 2 and found no noticeable difference. This was expected because the two structures have the same Pt lattice, and the scattering from these heavy metal atoms dominates the x-ray diffraction intensities.
The stoichiometric PtN 2 contains 67 at. % N. However, the measured N composition was about 50 at %. 11 Although large errors are generally inevitable in quantitative analysis of light elements by electron microprobe, a nitrogen deficiency may exist in the synthesized phase, like in many anion-deficient fluorite structured fast-ion conductors, 24 such as CeO 2 and ZrO 2 . The experimentally determined lattice constant, which is 2.2% smaller than the calculated value, may be attributed to existence of the nitrogen vacancies. The existence of the vacancies also explains the difference between the measured and the calculated bulk moduli. As seen in Table I , the measured bulk modulus 11 is about 28% greater than the calculated value for PtN 2 . Experimentally, the bulk modulus was derived from the pressure increase with the volume contraction. 11 Since nitrogen was used as the pressure medium, nitrogen atoms could be pressed into the nitrogen-deficient lattice under high pressures and compensate the volume contraction, resulting in an increased bulk modulus. Such a process also implies fast nitrogen diffusion in PtN 2 , just as the high oxygen mobility in the fast-ion conductors CeO 2 and ZrO 2 .
The electronic structure of PtN 2 at zero pressure was calculated. Shown in Fig. 3 is the total density of states. No energy gap is seen, indicating a metallic nature of platinum nitride. There is a deep minimum in DOS at the Fermi level, giving the DOS at the Fermi level ͓N͑E F ͔͒ of only 0.35 states/ eV unit cell. The low N͑E F ͒ indicates that platinum nitride is a poor metal, in agreement with the experimental observations. 11 The DOS distribution shown in Fig. 3 manifests a typical stability effect by the formation of a pseudogap, 25 where the decrease of total DOS at the Fermi level is accompanied by shifting the occupied bonding states to lower energies and the unoccupied antibonding states to higher energies. The states between −18 and −12 eV are mainly composed of N͑2s͒ states. The states above −8 eV are mainly composed of Pt͑5d͒ states ͑t 2g and e g ͒ and N͑2p͒ states. Due to the stronger Pt͑t 2g ͒ -N͑2p͒ interactions, the t 2g band has a larger dispersion than that of the e g band, with the antibonding part almost empty.
In summary, the stability of platinum nitride has been investigated using first-principles calculations. It was found that platinum nitride can be stabilized in the fluorite structure, in which the nitrogen atoms occupy all the tetrahedral 
